Purpose: The aim of the study was to determine the feasibility of using a clinical optical breast scanner with molecular imaging strategies based on modulating light transmission. Procedures: Different concentrations of single-walled carbon nanotubes (SWNT; 0.8-20.0 nM) and black hole quencher-3 (BHQ-3; 2.0-32.0 µM) were studied in specifically designed phantoms (200-1,570 mm 3 ) with a clinical optical breast scanner using four wavelengths. Each phantom was placed in the scanner tank filled with optical matching medium. Background scans were compared to absorption scans, and reproducibility was assessed.
Introduction
O ptical breast imaging uses near-infrared light in the wavelength range of 600 to 1,000 nm to assess optical properties of tissue [1] . It can provide spectroscopic information about physiological and functional tissue parameters such as angiogenesis and tissue oxygenation by using intrinsic optical contrast [2, 3] . This technique could potentially provide added value to currently used breast imaging modalities: mammography, ultrasound, and dynamic contrast-enhanced magnetic resonance imaging, which all have drawbacks regarding sensitivity and specificity in the diagnosis, early detection, and treatment monitoring of breast cancer [4] [5] [6] [7] . However, several optical imaging studies have shown that differences in intrinsic optical absorption are not always pronounced enough to detect breast masses against normal tissue background [8] .
A possible solution is to enhance neoplastic lesion detection with imaging agents that change light transmission. In optical imaging, different strategies for contrast enhancement are possible, such as influencing the absorption, scattering, or fluorescence properties of tissue using specific imaging agents. Fluorescent breast imaging has already been demonstrated by several research groups [9] [10] [11] . Light scattering properties could potentially be influenced by administering particles such as used in Raman spectroscopy [12] . The focus of this study is using highly light-absorbing imaging agents that absorb sufficient amounts of light to be detected by the optical imaging system. Examples of such agents are small molecules like indocyanine green (ICG), methylene blue (MB), or larger agents such as nanotubes or nanocages. The use of ICG in humans was reported by Ntziachristos et al. and Intes et al. [13, 14] . ICG and MB were previously used as nontargeted optical contrast agents in a rat model by Cuccia et al. [15] . Carbon nanotubes were demonstrated as photoacoustic molecular imaging agents by our laboratory (photoacoustic imaging also being based on the absorption of the molecules) [16] . If one could specifically target cancer-associated molecules with the light-absorbing imaging agents and deliver sufficient amounts to the tumor site, molecular imaging of the breast could be achieved with optical transmission imaging.
In this study, we focused on light absorbers (not fluorescent agents) to change light transmission. Our aim was to determine the feasibility of using a clinical optical breast scanner with molecular imaging strategies based on modulating light transmission. Physical phantoms based on single-walled carbon nanotubes (SWNT) and black hole quencher-3 (BHQ-3) were studied. To our knowledge, this is the first report to test this new approach to molecular imaging.
Methods

Clinical Optical Breast Imaging System
A commercially available clinical optical breast imager, the SoftScan system (ART Advanced Research Technologies Inc.) was used for this study (Fig. 1 ). An earlier version of this system has been previously described [17] . This new version also uses a time resolved technique developed on a time correlated single photon counting technology. It uses pulsed laser diodes (PicoQuant GmbH, Berlin, Germany) each driven at 20 MHz and time multiplexed for simultaneous acquisition of all the wavelengths. The light is detected by a five-channel detector array using optical systems comprised of lens-coupled multimode fibers that form a "M"-shape constellation for collecting the photons. The detection array is placed opposite the emission fiber (transmission configuration), central detection fiber coaxial with the emission fiber. The fibers transfer the photons to fast photomultiplier (PMT) detectors (H7422-50 from Hamamatsu Corporation, Bridgewater, NJ, USA). The outputs of the PMTs are connected to time-correlated single photon modules (SPC-130 from Becker & Hickl GmbH, Berlin, Germany) that generate the temporal histogram of the photons. The emission and detection fibers are raster scanned simultaneously over the region of examination. The patient lies in a prone position and her breast is pending in a tank with two mobile glass walls that are used for stabilizing the breast during the scan. The tank is filled up with optical matching medium (OMM), containing 10% Liposyn II (Abbott Laboratories, Montreal, QC, Canada), demineralized water, and India ink (Idee Cadres, Laval, QC, Canada) in a previously described dilution that mimics the average absorption and scattering properties of a normal breast. Data are collected at four discreet wavelengths-684, 732, 781, and 827 nm-and consist of temporal point spread functions (TPSF) acquired with a 10-ps resolution within a 12.5-ns time window. Among the critical 
Phantoms and Contrast Agents
Solid inclusions were made from polyurethane resin (Axson, Eaton Rapids, MI, USA). Titanium dioxide (TiO 2 ; Alfa Aesar, Ward Hill, MA, USA) was added as scattering agent and ProJet 900NP (Avecia, Billingham, UK) as absorbing agent to mimic the optical properties of normal breast tissue: average scattering coefficient 1 mm −1 at 780 nm and minimum absorption coefficient 0.002 mm −1 at 780 nm.
The details regarding the design and validation of phantoms are described in previous publications [19, 20] . The imaging agents to be tested, the SWNT and BHQ-3, were added at various concentrations. They were dissolved in dimethyl sulfoxide before mixing with polyurethane resin, and ultrasonication was used to ensure homogeneous phantoms. AP grade SWNTs were obtained from CarboLex 
Measurement Procedures
For the measurements, the solid inclusions were positioned in the system scanner tank, hanging on a thin fish wire between the glass stabilization plates, where normally a patient's breast would be positioned ( ) on the clinical optical breast scanner using all four wavelengths. We first performed scans using only OMM to acquire the background signal. Then, SWNT absorption scans were done and compared to background absorption. Measurements were also repeated on 2 days at 4 weeks apart, to assess reproducibility. Five concentrations of BHQ-3 (2.0, 4.0, 8.0, 16.0, and 32.0 µM) were tested in an equivalent experimental setup using phantoms of two different sizes (200 and 780 mm 3 ). These measurements were also repeated 4 weeks later.
Data for the tomographic view is acquired in transmission mode using five detection points for each illumination point positioned at angles optimized for maximizing the accuracy and sensitivity of the tomographic reconstruction. This 1×5 source-detector configuration is moved inside the field of view using a raster scan in step-and-shoot mode. The step size is adjustable in the range 0.5 to 10 mm with 0.1 mm accuracy. In the standard study workflow, data acquisition is performed in two steps: (1) a fast low precision scan is performed, which the results of this scan are used for power optimization of the lasers during the high precision scan to maximize signal to noise ratio (SNR), and (2) a high precision scan with optimized SNR is performed, using the step size and field of view selected by the user.
For this study, a scan resolution of 3×3 mm (i.e., scan step size of 3 mm in both x and y-directions) and a field of view of 54× 54 mm were used for the high precision scan. For these settings, the scan duration was ∼6 min for the high precision and less than 2 min for the low precision scan.
Image Analysis
The tomographic reconstruction and analysis of the images were performed using the SoftScan Review Workstation Software (ART Advanced Research Technologies Inc.). The software includes a diffuse optical tomography algorithm based on the diffusion equation [21] , using the linearization of the heterogeneous timedomain diffusion equation within the first order of Rytov approximation [22] . Using the zeroth and first moments of the temporal distributions of photons and the Levenberg-Marquard minimization algorithm, the local differential scattering and absorption coefficients are evaluated for each of the four wavelengths. The thickness of the slice used for 3D reconstruction was 3 mm.
In this study, images of the absorption coefficient were used for the analysis of the contrast of the SWNT inclusions. Circular regions of interest (ROIs) of a constant size (10 mm diameter) were defined on the image of the slice that displays maximum absorption contrast for the inclusions. For the background scan, with OMM only, identical ROIs were placed at the same positions as for the inclusions. Average absorption was calculated by the software. Regression lines were fitted through the data sets using Microsoft Office Excel 2007. Reproducibility of measurements was determined using intraclass correlation coefficients. The software package SPSS 15.0 (SPSS Inc., Chicago, IL, USA) was used for the statistical computations.
Results
All phantoms of different sizes and SWNT concentrations were detected by the system at all four wavelengths, with the best results obtained at 684 nm (Figs. 2 and 4) . SWNT absorption was between 10% and 80% higher than background absorption, which was statistically significant (pG0.05; Fig. 4) .
For the BHQ-3 phantoms, 684 nm was also the most sensitive wavelength (Fig. 3) . Higher probe concentrations were needed in order to detect the BHQ-3 phantoms. Concentrations 98.0 µM gave an increase in absorption between 15% and 30% compared to background absorption; phantoms containing BHQ-3 in concentrations G8.0 µM were not visible on the optical images. To detect BHQ-3 at wavelengths other than 684 nm, higher concentrations of the imaging agent would be required, as can be expected from the absorbance spectrum of BHQ-3 [23] .
Optical absorption signal (y) was dependent on phantom size and SWNT concentration (x), e.g., for 200 mm 3 at 684 nm: y=0.0003ln(x)+0.0038, R 2 =0.98. Similar size and concentration dependency was seen for the BHQ-3 phantoms, e.g., for 200 mm 3 at 684 nm: y=0.0002ln(x)+0.0026, R 2 =0.94. See Supplementary Information for all results. Absorption of the control phantoms that did not contain SWNT or BHQ-3 was approximately equal to the background (OMM) absorption (no statistically significant difference; p9 0.65). Reproducibility of measurements was excellent for both SWNT and BHQ-3 phantoms at all wavelengths with intraclass correlation coefficients ranging from 0.93 to 0.98 (Table 1) .
Discussion
Detection of SWNT and BHQ-3 in phantoms in a clinical optical breast scanner is possible at nanomolar and micromolar concentrations, respectively, showing the potential of using highly light-absorbing molecular imaging agents as optical imaging agents for breast disease. We found a positive relationship between the optical absorption signal and the concentration of the imaging agent. The reproducibility of the results was excellent.
The use of multiple wavelengths showed differences in absorption changes for the tested phantoms. For both SWNT and BHQ-3, 684 nm showed the most optimal changes in absorption; for SWNT, there were only small differences with the results at other wavelengths, but for BHQ-3, the same phantoms could not be detected at the higher wavelengths (see Supplementary Figs. 1, 2, 3, 4 , 5, and 6). These results can be predicted from the absorbance spectra of the imaging agents: For BHQ-3, optical absorbance decreases rapidly at wavelengths higher than 700 nm [23] , while for SWNT, absorbance spectra are more constant, displaying only a slow and small decrease for wavelengths longer than 680 nm [16, 24] .
In this initial study, we tested a new approach to molecular imaging using a clinical optical breast scanner to detect changes in light transmission. We limited ourselves to one particular study setup, using phantoms that were positioned in the same way within the scanner tank each time, surrounded by optical matching media. This approach uses a relatively simple and homogeneous approximation of a patient's breast and may be one of the limitations of our study. Results should therefore be validated in future studies in heterogeneous breast tissue, preferably in vivo. However, in our strategy, we regard the exogenous optical absorption as a relative change added on top of the existing endogenous optical absorption (determined in the first scan, before imaging agent administration). In this way, the tomographic reconstruction algorithm will take care of the heterogeneity of a breast, detecting the optical absorption changes after molecular imaging agent administration and thereby significantly reducing the impact of some well known limitations of diffuse optical tomography. Other limitations include the relatively poor spatial resolution of optical imaging and the complexities of its tomographic image reconstruction. The reconstruction models used by our system derive optical properties from the temporal histogram of the photons after propagation through diffuse media, the TPSF. When a TPSF is measured near a small inclusion with very high absorption contrast compared with the surrounding background, the inclusion will contribute to the TPSF in a way that can generate a transitory effect: the "ringartifacts" around the inclusions as seen in Fig. 4 (in particular e-f). The spatial resolution of the images is determined by the optical properties of the tissue, the breast thickness, and step size for each scan. The step size and acquisition time were optimized for a breast thickness ranging from 40 to 80 mm (between the stabilization plates) and the expected contrast between the optical properties of breast tumors in early stages and the normal surrounding tissue (a tumor volume of ∼1 cm 3 shows an absorption increase of approximately two times due to angiogenesis). The addition of the molecular imaging agent will allow detection of tumors with smaller volumes at even earlier stages of development (G1 cm 3 ). Decreasing the step size would probably not influence the spatial resolution significantly due to the level of diffusion in the breast tissue. Due to this strong diffusion, the photons arriving at the detection point propagate through large volumes, much wider than the size of inclusions used in the study. This is equivalent to using a beam larger than the sample in classic spectroscopy in nonscattering media: A very large percentage of the photons could arrive to the detection point without sensing the absorption effects of the inclusions by traveling around it. The result is the so-called partial volume effect: a smaller contribution of the volume of interest to the overall absorption and by consequence a smaller contrast. When the absorption of the inclusions is close to that typical for breast tissue, those values are small enough that all of the absorber's molecules (SWNT, BHQ, etc.) are still contributing to the overall absorption. In this case, the contrast obtained is linear with their concentration, as one can observe in Fig. 2 for the first two to three concentration values, before the partial volume effect and/or the higher concentrations are shifting it toward more logarithmic dependence. For higher concentrations, the absorption is dominated by the absorbers distributed near the surface, reducing the contribution of the inclusion's core drastically. This shelf-shielding process reduces the effective absorption of the inclusion. Due to diffusion, its higher absorption is sensed at larger distances. This process generates some increase of the reconstructed size of the inclusion, visible in Fig. 4 . The result of the two effects is a "dilution" of the contrast that is no longer linear with the concentration having an asymptotic trend toward a maximum value that corresponds to the moment when all photons incident on the surface of the inclusion are absorbed.
The detectability threshold could be reached by different combinations of volume and absorption. The contribution of a specific highly light-absorbing compound could significantly reduce the minimum volume visualized by the optical imaging system, possibly improving early detection of breast tumors. More investigations are needed to determine the minimum tumor size that can be detected for the largest amounts of dye (e.g., 1 µM SWNT) that can be delivered and accumulate at that site. In addition, more information is needed on relevant clinical imaging agent concentrations, i.e., how much of each imaging agent can realistically be delivered to the tumor site. De la Zerda et al. estimated concentrations of approximately 33.5 nM at the tumor site in their photoacoustic experiments [16] . Although SWNTs used in their study were about five times shorter than ours and in vivo delivery and accumulation depend on various factors, this gives some indication that the concentration ranges we were able to detect with the clinical optical breast scanner (0.8-20 nM) may be clinically relevant.
The results of our study are encouraging for optical transmission breast imaging as a modality since these data support opportunities for application of molecular breast imaging using highly light-absorbing imaging agents. With the use of relevant target-specific imaging agents, optical imaging could be a valid candidate for the earlier detection of breast cancer, e.g., in young women with dense breasts who are at increased breast cancer risk and for whom mammographic screening has very limited sensitivity [25, 26] . Other potential applications of this technique may be the selection of appropriate treatment, investigation of drug delivery, and early evaluation of response to treatment in breast cancer patients [27] . An important advantage of optical imaging is that it does not use any radioactive components or ionizing radiation and can thus be used more frequently, without restrictions for the timeline of the protocol. Because our strategy uses changes in light transmission (as opposed to fluorescence imaging), we do not encounter problems due to excitation light leaking through filters and causing high noise levels, an important problem in fluorescence optical imaging [28] . In addition, penetration depth with this technique (up to 15 cm) is more favorable than in other optical imaging techniques, such as optical coherence tomography or Raman spectroscopy (up to 5 mm) [12, 29] .
Linking nanotubes to relevant peptides has already been demonstrated, and these target-specific molecular imaging agents have been imaged successfully in vivo [16] . In addition, preliminary toxicology studies showed no apparent toxicity which is encouraging for clinical translation [30] . We expect that each of the light-absorbing agents (from small molecules to larger nanoparticles) can be functionalized with selective targeting ligands, creating a spectrum of highly specific lightabsorbing molecular imaging agents. Moreover, these agents could potentially be used as "theranostics", combining the process of diagnosis and therapy [31] .
In future studies, we plan to explore the effect of the position and size of the phantoms in the scanner, other potential light-absorbing molecular imaging agents (such as IRDye 800CW, gold and silver nanoparticles, etc.), and the influence of targeting ligands linked to these imaging agents (e.g., peptides targeting αvβ3 integrin, epidermal growth factor receptor, etc.), aiming for their eventual evaluation in a clinical setting.
Conclusion
We have shown that nanomolar concentrations of SWNT and micromolar concentrations of BHQ-3 in physical phantoms can reproducibly be detected by a clinical optical breast imager based on transmission optical imaging. This shows the potential of using highly light-absorbing molecular imaging agents, with appropriate targeting ligands, as optical imaging agents for breast disease using a commercially available clinical optical breast scanner.
